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Summary
The prefrontal cortex and the hippocampus exhibit
converging projections to the nucleus accumbens
and have functional reciprocal connections via indi-
rect pathways. As a result, information processing
between these structures is likely to be bidirectional.
Using evoked potential measures, we examined the
interactions of these inputs on synaptic plasticity within
the accumbens. Our results show that the direction of
information flow between the prefrontal cortex and lim-
bic structures determines the synaptic plasticity that
these inputs exhibit within the accumbens. Moreover,
this synaptic plasticity at hippocampal and prefrontal
inputs selectively involves dopamine D1 and D2 acti-
vation or inactivation, respectively. Repeated cocaine
administration disrupted this synaptic plasticity at
hippocampal and prefrontal cortical inputs and goal-
directed behavior in the spatial maze task. Thus, in-
teractions of limbic-prefrontal cortical synaptic plas-
ticity and its dysfunction within the accumbens could
underlie complex information processing deficits ob-
served in individuals following psychostimulant admin-
istration.
Introduction
The prefrontal cortex (PFC) and limbic structures, in-
cluding the hippocampus (HPC) and amygdala, exhibit
a number of reciprocal functional interactions that are
believed to be mediated via direct and indirect path-
ways that interconnect these structures (Fuster, 1997).
Interaction between these two brain regions has been
implicated in a number of cognitive functions (Della-
Maggiore et al., 2000; Knight and Grabowecky, 1999;
Opitz and Friederici, 2003; Seamans et al., 1998; Si-
mons and Spiers, 2003; Wall and Messier, 2001), and
several psychiatric disorders including schizophrenia
(Lawrie et al., 2002; Silbersweig and Stern, 1996), de-
pression (Drevets, 2000), and post-traumatic stress dis-
order (Gilboa et al., 2004) are proposed to result from
disruptions in these systems. Excitatory projections
from limbic structures are known to activate the PFC
(limbic/PFC information flow) (Degenetais et al., 2003),
which, in turn, projects to the nucleus accumbens
(NAcc), a site at which direct limbic afferents converge
(Finch, 1996; French and Totterdell, 2002; Groenewegen
et al., 1999). Therefore, the NAcc receives limbic inputs
via two sources: direct afferents and indirectly via the*Correspondence: goto@bns.pitt.eduPFC (Figure 1A). On the other hand, evidence shows
that the PFC may exert an inhibitory influence on limbic
structures (PFC/limbic information flow) (Knight and
Grabowecky, 1999; Kyd and Bilkey, 2003; Rosenkranz
et al., 2003). Therefore, although the PFC would directly
drive the NAcc neurons, it would also attenuate limbic
inputs into the NAcc (Figure 1A). Thus, the direction of
information flow between the PFC and limbic structures
is crucial for determining the net effect of PFC and lim-
bic integration as it relates to output selection in the
NAcc.
The NAcc is the target of a dopaminergic (DA) inner-
vation arising from the ventral tegmental area (VTA)
(Voorn et al., 1986). This afferent system plays a central
role in modulating NAcc function and goal-directed be-
havior (Berridge and Robinson, 1998). We have recently
shown that the dynamics of DA release selectively
modulate synaptic inputs from the PFC and hippocam-
pus (HPC) via distinct DA receptor subtypes (Goto and
Grace, 2005). Thus, basal, tonic DA release determined
by the population activity of DA neurons selectively reg-
ulates PFC-evoked synaptic drive via D2 receptors,
whereas phasic DA release mediated by DA neuron
burst spike firing selectively augments HPC inputs into
the NAcc via D1 receptor stimulation. However, how
these afferent systems interact to impact synaptic plas-
ticity and learned behavior has not yet been elucidated.
Previous studies have shown that HPC activation in-
duces significant DA release in the NAcc (Floresco et
al., 2001b). In contrast, PFC activation is reported to
decrease DA release within the NAcc (Jackson et al.,
2001), most likely via its projection to VTA GABAergic
neurons that can suppress VTA-NAcc DA neuronal ac-
tivity (Laruelle et al., 2003; Sesack and Carr, 2002).
Thus, the direction of information flow between the PFC
and HPC is also likely to influence DA release in the
NAcc. In this study, we examined the mechanism of
PFC and HPC information integration and its modula-
tion by DA in the NAcc by giving a high-frequency te-
tanic stimulation in the HPC and PFC that was sufficient
to induce synaptic plasticity in the NAcc (Floresco et
al., 2001a; Kombian and Malenka, 1994; Mulder et al.,
1997). Although a number of brain regions, including
the PFC (Gurden et al., 1999), HPC (Otmakhova and
Lisman, 1999), and amygdala (Bissiere et al., 2003), are
known to exhibit DA-dependent synaptic plasticity, the
influence of DA transmission on synaptic plasticity in
the NAcc is controversial (Floresco et al., 2001a; Pen-
nartz et al., 1993; Thomas et al., 2000).
In this study, we found that strong activation of the
HPC and PFC produces antagonistic interactions be-
tween these afferents in the NAcc with respect to the
induction of synaptic plasticity, and moreover, this in-
teraction is controlled in a cooperative manner with re-
spect to the level of D1 and D2 receptor activation. This
suggests that not only do the PFC and HPC have op-
posing effects within the NAcc, but that combined tonic
and phasic DA system activation, in addition to dif-
ferentially regulating afferent drive (Goto and Grace,
2005), appears to influence the balance between PFC
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256Figure 1. Local Field Potential Responses
Evoked in the NAcc by PFC and HPC Stimu-
lation
(A) Diagram illustrating a model of potential
pathways that may affect PFC and HPC in-
put interactions in the NAcc. When informa-
tion flow is from the HPC to the PFC, the
NAcc receives coincident PFC and HPC in-
puts. On the other hand, strong PFC but
weak HPC inputs results in suppression of
NAcc activity by inhibitory influence of PFC
inputs.
(B) Placement of the microdialysis probe and
extracellular electrodes within the core re-
gion of the NAcc.
(C) Representative traces of HPC- and PFC-
evoked responses. Left and right figures
show traces of five individual responses and
average of ten responses, respectively. HPC-
evoked responses consist of a complex of
positive and negative shifts (P1, N1, P2, N2).
Amplitude was defined as P1 − N1. In contrast, PFC-evoked responses consist of a negative shift followed by a prolonged positive shift.
Amplitude was defined as N1 − (baseline measured 1 ms before stimulation).and HPC synaptic plasticity changes induced in the t
fNAcc. The fact that there is a compromise in these
competitive synaptic interactions in cocaine-sensitized 7
2animals that correlates with deficits in goal-directed
learning suggests that these systems have a significant 4
timpact on the way that the balance of synaptic plastic-
ity can affect behavior in pathological conditions. i
a
vResults
t
LSynaptic Plasticity at HPC and PFC Afferents
0Stimulation electrodes were placed in the ventral HPC
(CA1, ventral subiculum) and PFC (prelimbic/infralimbic
icortex), and recordings were made primarily from the
ncore, and in some cases the shell, of the NAcc. This
dwas done to evaluate both the direct and indirect in-
Hteractions mediated by these structures within the
fNAcc (Figure 1A). Single-pulse stimulation in the HPC
Pand PFC evoked characteristic field potential responses
tin the NAcc (Figure 1C). Tetanic stimulation (a train of
w100 pulses at 50 Hz) delivered to the HPC induced a
apersistent facilitation of HPC-evoked field potential re-
ssponses (i.e., long-term potentiation, or LTP; defined as
sa HPChomo, 45.7% ± 7.9% [mean ± SD] increase mea-
dsured during the initial 5 min after HPC tetanization rel-
aative to baseline average response, n = 9; Figures 2A–
22D) simultaneously with a persistent attenuation of
mPFC-evoked responses (i.e., long-term depression, or
rLTD; defined as PFChetero, −34.8% ± 4.7%, n = 9; Fig-
zures 2A–2D, Table 1). In all cases, these changes were
maintained for more than 30 min. Forty minutes after
HPC tetanization, another train of tetanic stimulation D
Twas delivered to the PFC. This manipulation induced a
persistent depression of HPChetero-evoked responses s
Nas well as an increase in amplitude of PFChomo-evoked
responses (HPChetero, −25.8% ± 2.6% decrease mea- i
asured during the initial 5 min after a second tetanization
relative to an average response for 5 min preceding the A
(second tetanization; PFChomo, 37.4% ± 4.6% increase
above baseline following first tetanization, n = 9; Fig- 3
Pures 2A–2D, Table 1). When the order of tetanic stimula-ion was reversed (PFC tetanic stimulation was given
irst), LTP and LTD induced at HPC (HPChomo, 41.7% ±
.6%; HPChetero, −37.9% ± 8.7%; n = 6; Figures 2E and
F) and PFC (PFChetero, −30.3% ± 4.4%; PFChomo,
2.5% ± 12.3%) inputs were still similar, suggesting that
he order of tetanization is not important for this plastic-
ty. The percent change produced when comparing LTP
t HPChomo inputs and LTD at PFChetero inputs was in-
ersely correlated (r = −0.91, p < 0.01; Figure 2G), al-
hough there was no significant correlation between
TD at HPChetero inputs and LTP at PFChomo inputs (r =
.38, p > 0.05; Figure 2G).
Since HPC stimulation activates PFC neurons, which
n turn project to the NAcc (Figure 1A), the P2 compo-
ent in HPC-evoked responses (Figure 1C) may be me-
iated by a secondary PFC activation occurring with
PC stimulation. Thus, the alteration of amplitudes de-
ined as P2-N2 in HPC-evoked responses by HPC and
FC tetanic stimulation was examined. It was found
hat the amplitudes of P2-N2 in HPC-evoked responses
ere persistently decreased by HPC tetanic stimulation
nd increased by PFC tetanic stimulation, which was
imilar to the changes observed with PFC-evoked re-
ponses (HPChomo, −24.9% ± 3.6% decrease measured
uring the initial 5 min after HPC tetanic stimulation rel-
tive to the baseline average response; HPChetero,
9.2% ± 4.3% increase measured during the initial 5
in after PFC tetanic stimulation relative to the average
esponse recorded 5 min preceding the second tetani-
ation, n = 9; Figures 2H and 2I).
A Modulation of Synaptic Plasticity
o examine the effect of DA on homo- and hetero-
ynaptic plasticity at HPC and PFC inputs into the
Acc, partial DA depletion was conducted using AMPT
njection. Four hours after a 300 mg/kg i.p. injection
nd 2 hr following a second 200 mg/kg injection of
MPT, LTP at HPChomo inputs could not be produced
HPChomo, −2.2% ± 2.1%, n = 7; Figures 3A, 3C, and
D, Table 1). In addition, instead of producing LTD at
FC afferents by HPC tetanization as observed in con-
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257Figure 2. LTP and LTD Were Induced at HPC and PFC Inputs in the NAcc by Tetanic Stimulation in the HPC and PFC
(A) LTP and LTD were induced at HPC inputs following HPC and PFC tetanic stimulation. Black and white arrows indicate the times that HPC
and PFC tetanic stimulation were given, respectively. Scale: 0.3 mV and 20 ms.
(B) LTD and LTP were induced at PFC inputs following HPC and PFC tetanic stimulation. Scale: 0.3 mV and 10 ms.
(C) Summary of results showing normalized mean field potential amplitude evoked by HPC (solid circle) and PFC (open circle) test stimuli
after tetanic stimulation applied to the HPC (black arrow) and PFC (white arrow). Error bars indicate SD.
(D) Percent change in amplitudes measured 5 min after HPC tetanization compared to baseline responses, or at 5 min after PFC tetanization
compared to pre-PFC tetanization baseline.
(E) Summary of results showing normalized mean field potential amplitude evoked by HPC and PFC test stimuli after tetanic stimulation,
when the order of HPC and PFC tetanization was reversed.
(F) Percent change in amplitudes for data presented in (E).
(G) Comparison of amplitude changes observed between HPC and PFC inputs reveals a significant correlation between changes in HPC-
and PFC-evoked potential amplitude after HPC tetanization, but not after PFC tetanization.
(H) Summary of second component of HPC-evoked potential (P2 − N2) change before and after HPC and PFC tetanic stimulation. Data
represent normalized mean field potential amplitude.
(I) Percent change of P2 − N2 in HPC-evoked responses measured 5 min after HPC tetanization compared to baseline responses, or at 5 min
after PFC tetanization compared to pre-PFC tetanization baseline.trol animals, a weak but significant persistent increase
(i.e., LTP) was induced in PFChetero-evoked responses
(PFChetero, 12.3% ± 8.1%, n = 7; Figures 3B–3D, Table
1). In contrast, PFC tetanic stimulation in AMPT-treated
animals still induced LTD at HPChetero inputs (HPChetero,
−31.9% ± 9.3%; n = 7; Figures 3A–3D, Table 1) and LTP
at PFChomo inputs (PFChomo, 37.8% ± 6.9%), which was
similar to that observed in control rats. These resultssuggest that DA may be important for synaptic plastic-
ity induced by HPC tetanic stimulation, but not for syn-
aptic plasticity induced by PFC tetanic stimulation. In-
deed, HPC stimulation has been shown to induce DA
release in the NAcc (Floresco et al., 2001b), suggesting
that synaptic plasticity induced by HPC tetanic stimula-
tion is DA dependent.
More detailed mechanisms of DA modulation re-
Neuron
258Table 1. Percentage Change in Amplitudes of Normalized Responses after LTP and LTD Induction
HPC Tetanization PFC Tetanization
Treatment HPChomo PFChetero HPChetero PFChomo
Normal 45.7% ± 7.9% −34.8% ± 4.7% −25.8% ± 2.6% 37.4% ± 4.6%
AMPT −2.2% ± 2.1%* 12.3% ± 8.1%* −31.9% ± 9.3% 37.8% ± 6.9%
SKF38393 59.5% ± 8.0% −48.9% ± 4.8% −31.2% ± 1.1% 42.6% ± 6.3%
SCH23390 2.3% ± 6.5%* −5.6% ± 7.2%* −16.6% ± 5.6% 60.5% ± 14.8%
Quinpirole 21.9% ± 2.5% −20.4% ± 3.5% −23.6% ± 9.6% 3.9% ± 7.7%*
Eticlopride 24.3% ± 3.7% 24.6% ± 6.9%* −28.1% ± 1.3% 6.2% ± 5.9%
Mean ± SD. *p < 0.01 compared to normal condition, unpaired t test.tic plasticity occurring at PFC afferents (PFChetero, ment. In addition, local infusion of NMDA antagonist
Figure 3. DA Depletion Selectively Alters the Effects of HPC Tetanization on HPC- and PFC-Evoked Responses
(A) Unlike controls, HPC-evoked responses recorded in a DA-depleted rat did not show significant alterations in amplitude following HPC
(black arrow) tetanic stimulation, but still showed LTP following PFC (white arrow) tetanization. Scale: 0.1 mV and 20 ms.
(B) PFC-evoked responses recorded in a DA-depleted animal exhibited LTP instead of LTD in control conditions (black arrow), and further
persistent increase of amplitude after PFC (white arrow) tetanic stimulation. Scale: 0.1 mV and 20 ms.
(C) Summary of results showing the effects of DA depletion. Data represent normalized mean field potential amplitude evoked by HPC (solid
circle) and PFC (open circle) test stimuli. Error bars indicate SD.
(D) Percent change in amplitudes measured 5 min after HPC tetanization compared to baseline responses, or at 5 min after PFC tetanization
compared to pre-PFC tetanization baseline.
(E) Following DA depletion, the correlation between HPC and PFC inputs following HPC tetanization was lost, suggesting that DA may
mediate the balance of synaptic plasticity changes between HPC and PFC inputs.quired for synaptic plasticity induction at HPC and PFC −
4inputs were investigated by local administration of DA
agonists and antagonists via a microdialysis probe lo- a
ocated adjacent to the site of recordings (Figure 1B). Lo-
cal administration of the D1 agonist SKF38393 (SKF; 8
i10 M) produced a significant enhancement of LTP at
HPChomo inputs following HPC tetanization (HPChomo, H
u59.5% ± 8.0%; n = 8; Figures 4A and 4F, Table 1) and
LTD at HPChetero inputs following PFC tetanization (
a(PFChetero, −48.9% ± 4.8%), but did not affect synap-31.2% ± 1.1%; PFChomo, 42.6% ± 6.3%, n = 8; Figures
A and 4F, Table 1). Moreover, administration of the D1
ntagonist SCH23390 (SCH; 10 M) blocked induction
f LTP at HPChomo inputs (HPChomo, 2.3% ± 6.5%; n =
; Figures 4B and 4F, Table 1) as well as at PFChetero
nputs (PFChetero, −5.6% ± 7.2%). In addition, LTD at
PChetero inputs (HPChetero, −16.6% ± 5.6%; n = 8; Fig-
res 4B and 4F, Table 1) and LTP at PFChomo inputs
PFChomo, 60.5% ± 14.8%) were moderately attenuated
nd facilitated, respectively, by the D1 antagonist treat-
Dopamine-Dependent Plasticity in the Accumbens
259Figure 4. DA D1 and D2 Receptors Selectively Modulate Synaptic Plasticity at HPC and PFC Inputs, Respectively
(A–D) Evoked potentials recorded from HPC (solid circle) and PFC (open circle) stimulation in response to HPC (black arrow) and PFC (white
arrow) tetanization following local application of D1 agonist ([A]; SKF38393, SKF), D1 antagonist ([B]; SCH23390, SCH), NMDA antagonist
([C]; AP-V), D2 agonist ([D]; quinpirole, QIN), and D2 antagonist ([E]; eticlopride, ETI). Error bars indicate SD.
(F) Percent change in amplitudes of the normalized responses shown in (A)–(D). Only the HPC-evoked plasticity appears to be dependent on
NMDA receptor stimulation.
(G) Analysis of the time course of responses reveals the significantly faster decays of synaptic depression following PFC tetanization only at
HPC inputs during D2 agonist and antagonist treatments. (*, +: p < 0.05 for QIN and ETI compared to control condition, two-way ANOVA).
(H) In the presence of DA agonists and antagonists, the correlation between HPC and PFC synaptic plasticity following HPC tetanization
was lost.
Neuron
260AP-V (50 M) into the NAcc also disrupted LTP at b
5HPChomo (−3.1% ± 4.5%) and LTD at PFChetero (6.4% ±
10.4%) inputs, but not with respect to the other stim- i
−ulation contingencies (HPChetero, −28.8% ± 11.9%;
PFChomo, 59.9% ± 15.9%; n = 6; Figures 4C and 4F), 5
Lsuggesting that enhanced Ca2+ influx into the cell by
D1-NMDA synergism (Greengard et al., 1999) may be P
Pinvolved in synaptic plasticity induced by HPC tetanic
stimulation, whereas LTD at HPChetero and LTP at c
cPFChomo inputs are NMDA independent.
Local administration of the D2 agonist quinpirole m
t(QIN; 10 M) resulted in a blockade of LTP induction
at PFChomo inputs (HPChomo, 21.9% ± 2.5%, PFChetero, c
a−20.4% ± 3.5%, HPChetero, −23.6% ± 9.6%, PFChomo,
3.9% ± 7.7%, n = 7; Figures 4D and 4F, Table 1). On s
tthe other hand, the most striking effect produced by
administration of the D2 antagonist eticlopride (ETI; 20
M) was a reversal in the polarity of the synaptic plas- A
ticity induced at PFChetero inputs by HPC tetanic stimu- f
lation; i.e., LTP was induced instead of the LTD that R
was observed in control conditions (HPChomo, 24.3% ± t
3.7%, PFChetero, 24.6% ± 6.9%, HPChetero, −28.1% ± n
1.3%, PFChomo, 6.2% ± 5.9%, n = 8; Figures 4E and 4F, l
Table 1). In addition, D2 receptor modulation also 1
caused short-term changes in synaptic plasticity. Thus, s
the synaptic depression at HPChetero inputs produced e
following administration of either the D2 agonist or an- h
tagonist was of significantly shorter duration (i.e., a
short-term depression) than that observed in the nor- p
mal condition with the depression present for only 10– t
20 min following tetanization. No alteration in the m
degree of initial attenuation of HPChetero-evoked re- d
sponses immediately after PFC tetanic stimulation was b
observed (basal, −29.3% ± 5.9% at 20 min, −16.3% ± i
4.7% at 40 min; SKF, −42.6% ± 8.3% at 20 min, w
−42.3% ± 6.9% at 40 min; SCH, −22.3% ± 5.6% at 20 z
min, −15.7% ± 3.2% at 40 min; QIN, −4.4% ± 7.8% at m
20 min, −1.3% ± 6.4% at 40 min; ETI, −4.2% ± 3.4% at g
20 min., −3.3% ± 5.9% at 40 min; two-way ANOVA, p < d
0.05 for QIN and ETI at time 20 min and 40 min com- m
pared to normal condition; Figure 4G). These data sug- l
gest that long-term stabilization of the synaptic depres- k
sion at HPChetero inputs following PFC tetanization is g
dependent on tonic D2 receptor-mediated activity. s
l
dSynaptic Plasticity in the NAcc Shell
Because of the demonstrated relevance of the NAcc (
tshell to the actions of drugs of abuse (Robinson and
Kolb, 1999; Thomas et al., 2001), we also examined 0
oplasticity within this subregion of the NAcc. LTP and
LTD induced at HPC and PFC inputs in the shell of the i
pNAcc in saline-treated animals were similar to those in-
duced in the core, although the polarity of field re- (
isponses was opposite between the core and the shell
of the NAcc (see Figure 6B). Nonetheless, given the N
upossibility that a difference in DA dependence of syn-
aptic plasticity may be present in the shell, we repeated 3
Pthe LTP and LTD induction in the shell with DA manipu-
lation by SCH and QIN, which have been shown to s
tblock LTP at HPChomo and LTD at PFChetero inputs in-
duced by HPC tetanic stimulation and LTP at PFChomo i
(inputs induced by PFC tetanic stimulation, respectively,
in the core (Figures 4B and 4D). SCH pretreatment 0locked LTP at HPChomo (−3.9% ± 14.0%; n = 6; Figures
A and 5C) and LTD at PFChetero (1.2% ± 7.9%) inputs
n shell, but did not affect LTD at HPChetero (HPChetero,
42.0% ± 10.4%) and LTP at PFChomo inputs (PFChomo,
2.1% ± 11.3%). In addition, QIN selectively disrupted
TP at PFChomo inputs (HPChomo, 44.5% ± 12.1%;
FChetero, −35.0% ± 5.1%; HPChetero, −38.7% ± 10.8%;
FChomo, 1.7% ± 0.7%; n = 6; Figures 5B and 5D). The
orrelation coefficient of these changes between the
ore and shell across different manipulations was al-
ost unity (r = 0.94, p < 0.01), suggesting that the pat-
erns of responses with respect to LTP and LTD in the
ore and shell with normal, SCH, and QIN conditions
re essentially identical (Figures 5E and 5F). These re-
ults suggest that DA-dependent synaptic plasticity in
he shell is similar to that in the core of the NAcc.
ltered Plasticity and Goal-Directed Behavior
ollowing Cocaine Sensitization
ecent studies have suggested that at least some of
he indices of drug addiction may be dependent on ab-
ormal synaptic plasticity induction within the meso-
imbic DA system (Kolb et al., 2003; Robinson and Kolb,
999; Thomas et al., 2001). However, the results of
tudies into synaptic plasticity in the NAcc of animals
xhibiting behavioral sensitization to psychostimulants
ave been inconsistent. For example, LTD was found
t the cortical inputs within NAcc in brain slices pre-
ared from sensitized animals (Thomas et al., 2001). On
he other hand, NAcc neurons from drug-sensitized ani-
als have been reported to exhibit an increase in den-
ritic spines (Robinson and Kolb, 1999), which would
e more predictive of LTP rather than LTD. Thus, we
nvestigated whether PFC and HPC synaptic plasticity
as altered in animals that exhibited behavioral sensiti-
ation to cocaine. Repeated daily cocaine treatment (15
g/kg, i.p.; cocaine group) in animals induced a pro-
ressive increase in the locomotor responses to the
rug (Figure 6A), whereas repeated daily saline treat-
ent (1.0 ml; saline group) did not. Ten to 17 days fol-
owing the last injection of cocaine or saline, a 15 mg/
g challenge dose of cocaine was administered to both
roups of rats. The cocaine-sensitized group exhibited
ignificantly greater drug-induced locomotion to a chal-
enge injection of cocaine than that observed in the last
ose administered during repeated cocaine treatment
cocaine group, 4792 ± 499 cm at 6th day of cocaine
reatment, 7336 ± 668 cm to challenge injection, p <
.01, paired t test, n = 10), demonstrating the presence
f behavioral sensitization. Between 1 to 5 days follow-
ng this evaluation, the rats were subjected to electro-
hysiological recordings. Based on previous studies
Robinson and Kolb, 1999; Thomas et al., 2001), record-
ngs were made from neurons within the shell of the
Acc. In saline-treated control rats, HPC tetanic stim-
lation induced LTP at HPChomo inputs (HPChomo,
8.3% ± 7.5%; n = 6; Figures 6C and 6D) and LTD at
FChetero inputs (PFChetero, −27.6% ± 7.4%) in the NAcc
hell. However, in the cocaine-sensitized rats, HPC te-
anic stimulation failed to induce any persistent change
n the HPChomo- and PFChetero-evoked responses
HPChomo, 1.2% ± 5.3%; PFChetero, −3.2% ± 5.2%; p <
.01 compared to the saline group; n = 10; Figures 6C
Dopamine-Dependent Plasticity in the Accumbens
261Figure 5. DA Dependence of Synaptic Plasticity Induced in the Shell Is Similar to that Observed in the Core of the NAcc
(A and B) Evoked potentials recorded from HPC (solid circle) and PFC (open circle) stimulation in response to HPC (black arrow) and PFC
(white arrow) tetanization following local application of D1 antagonist and D2 agonist, respectively. Error bars indicate SD.
(C and D) Percent change in amplitudes of the normalized responses shown in (A) and (B).
(E) Comparison of percent changes of responses with LPT and LTD between the NAcc core and shell in normal, SCH, and QIN conditions.
Percent changes in normal condition in the shell are taken from those in saline-treated animals shown in (C) and (D).
(F) Correlation of percent changes between the NAcc core and shell across different conditions; each point represents comparison from one
condition derived from (E). Percent changes occurring at HPC and PFC inputs with HPC and PFC tetanic stimulation in normal condition and
with SCH and QIN in the NAcc core (x axis) are plotted against those in the shell (y axis).and 6D). On the other hand, synaptic plasticity induced
by PFC tetanization was not different when compar-
ing the cocaine and saline groups (cocaine group,
HPChetero, −27.2% ± 8.4%; PFChomo, 37.3% ± 6.5%; n =
10; saline group, HPChetero, −21.9% ± 5.2%; PFChomo,
30.6% ± 4.1%; n = 6; Figures 6C and 6D).
We also tested whether this synaptic alteration in-
duced by cocaine sensitization was reflected by dis-
ruption of goal-directed behavior. Using a plus-maze
task, we tested learning and set shifting of response
strategies. In these tasks, rats were required to make
turns in order to obtain rewards, with the turning direc-
tion based on either a visual cue placed in the maze
(visual cue task, or VCT) or response direction (re-
sponse direction task, or RDT). After reaching response
criterion (ten consecutive correct responses in a ses-
sion) in VCT, the task was switched to RDT until crite-
rion performance level was again reached. We have
shown previously that HPC inactivation combined with
D1 receptor blockade in the NAcc interferes with
acquisition of both tasks, whereas PFC inactivation
combined with D2 receptor stimulation selectively dis-
rupts task switching (Goto and Grace, 2005).
Control saline-treated rats (n = 6) required 55.8 ± 5.1
trials in VCT and 61.0 ± 3.7 trials in RDT to reach crite-
rion (Figure 6E). Perseverative and regressive errors
were 6.3 ± 0.8 and 6.2 ± 0.8 trials, respectively (Figure
6E). On the other hand, cocaine-sensitized rats (n = 6)
required a significantly smaller number of trials to reachcriterion in VCT compared to control animals (42.5 ± 4.2
trials; p < 0.05), but not in RDT (62.2 ± 3.7 trials, Figure
6E). However, perseverative and regressive errors in co-
caine-sensitized rats were significantly increased and
decreased, respectively (perseverative errors, 10.2 ±
0.7 trials; regressive errors, 3.2 ± 0.8 trials; Figure 6E).
These increased perseverative and decreased regres-
sive errors are counterbalanced in RDT, resulting in no
difference in the number of trials taken in RDT between
control and cocaine-sensitized rats. These results sug-
gest that the learning of a response strategy is facili-
tated, whereas switching of a strategy in goal-directed
behavior is disrupted by cocaine sensitization, perhaps
because of the influence of perseveration on task per-
formance.
Discussion
In this study, we show that (1) PFC and HPC inputs
have mutually opposing interactions within the NAcc
that affect synaptic plasticity in a manner that is deter-
mined by the direction of information flow between
these structures, (2) PFC and HPC synaptic plasticity is
selectively modulated via D1 and D2 receptors, and (3)
repeated treatment with a psychostimulant disrupts
this synaptic plasticity. In a previous study (Goto and
Grace, 2005), we showed that tonic and phasic DA
transmission independently affect PFC and HPC inputs
into the NAcc via D2 and D1 receptors, respectively.
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(A) Repeated cocaine administration caused behavioral sensitization to a challenge dose of cocaine injection (15 mg/kg) administered 10–18
days following withdrawal. Error bars indicate SD.
(B) HPC- and PFC-evoked responses recorded in the NAcc shell from saline-treated animals. Amplitudes in both HPC- and PFC-evoked
responses were defined as P1 − (baseline measured 1 ms before stimulation). Scale: 0.3 mV and 20 ms.
(C) In rats showing behavioral sensitization to cocaine treatment, the effects of HPC tetanization were strongly attenuated (left). On the other
hand, no such alteration was observed in saline-treated control rats (right). Data represent normalized mean field potential amplitude evoked
by HPC (open circle) and PFC (solid circle) test stimuli after HPC (black arrow) and PFC (white arrow) tetanization.
(D) Percent change in amplitudes for 5 min after HPC tetanization compared to baseline responses or at 5 min after PFC tetanization
compared to pre-PFC tetanization baseline. The percent change in amplitude of HPChomo and PFChetero inputs in the cocaine group are
significantly reduced when compared to the saline group (*, +: p < 0.01, unpaired t test).
(E) Left graph shows the number of trials that cocaine-sensitized and saline control rats took to reach criterion in the visual cue task (VCT)
and response direction task (RDT). The number of trials required to reach criterion in cocaine-sensitized animals is significantly less than
controls in VCT (*, p < 0.05 compared to saline-treated animals). Right graph shows that perseverative and regressive errors are significantly
increased and decreased, respectively, in cocaine-sensitized animals (*, +, p < 0.05 compared to saline-treated animals). Persev and Regres
denote perseverative and regressive errors, respectively.We have now shown that PFC and HPC inputs exhibit 2
fantagonistic interactions with respect to the induction
of synaptic plasticity in the NAcc, and this interaction t
vis strongly influenced by the level of coactivation of D1
and D2 DA receptors. Furthermore, interference with
VDA dynamics by cocaine sensitization produces synap-
tic plasticity impairments that correlate with deficits in o
tgoal-directed behavior. Taken together, the results sug-
gest that, during HPC activation, increased tonic and L
dphasic DA transmission activates D1 and D2 receptors
to shift the balance of information flow in the NAcc from g
iPFC to HPC by facilitating LTP at HPC inputs and LTD
at PFC inputs. On the other hand, when the PFC is 2
1active, an interruption of tonic D2 receptor stimulation
(e.g., via decreased DA neuron firing [Floresco et al., t003] or administration of an antipsychotic drug) would
acilitate LTP at PFC inputs and LTD at HPC inputs,
hereby reversing the effects produced by phasic acti-
ation of the DA system.
The NAcc receives massive DA projections from the
TA. Although DA is known to be essential for induction
f synaptic plasticity in many brain regions, including
he PFC (Gurden et al., 1999), HPC (Otmakhova and
isman, 1999), amygdala (Bissiere et al., 2003), and the
orsal striatum (Calabresi et al., 1992), it has been sug-
ested that synaptic plasticity in the NAcc may occur
ndependent of its DA innervation (Hyman and Malenka,
001; Kombian and Malenka, 1994; Pennartz et al.,
993; Wise, 2004). It is important to note that these lat-
er experiments were conducted in a brain slice prepa-
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263ration where DA release is substantially different from
that occurring in vivo (i.e., less spontaneous tonic DA
release) and that the stimulation of afferents was done
by placing electrodes on the cortical afferents into the
NAcc. Our results could explain this apparent contra-
diction. Thus, we have shown here that LTP at PFC in-
puts is produced only when there is a decrease in tonic
D2 receptor stimulation. However, in the slice prepara-
tion (in which disconnection of DA afferents from cell
bodies in the VTA would decrease tonic DA stimula-
tion), the lack of D2 activation would cause the induc-
tion of LTP at unidentified cortical (but not HPC) inputs
to appear as DA independent. Thus, the inability to se-
lectively stimulate afferents and the diminished tonic
D2 stimulation present in the in vitro brain slice is likely
to provide misleading results regarding the role of DA
in synaptic plasticity in the NAcc. Another factor is that
stimulation in slice preparations is typically delivered to
the fibers in the corpus callosum rather than on specific
cortical cell bodies, and such stimulation may lead indi-
rectly to DA release in the NAcc (e.g., Pennartz et al.,
1993; Thomas et al., 2001). As a result, the potential
callosum-evoked DA release may produce confound
results obtained in an in vitro preparation. DA clearly
plays a selective role in the modulation of synaptic
plasticity within the NAcc.
Our data show that LTP at HPChomo inputs are blocked
by the D1 antagonist, suggesting that D1 receptor acti-
vation by phasic DA release is crucial for this to occur,
with this interaction being mediated by a postsynaptic
action of D1 stimulation (Goto and Grace, 2005). In-
deed, it has been shown that D1 receptor stimulation
facilitates Ca2+ influx into NAcc neurons secondary to
NMDA channel phosphorylation (Greengard et al., 1999).
In addition, LTD may be induced at PFChetero inputs via
NMDA-dependent activation of NO (Stanton et al.,
2003), which could be one mechanism responsible for
altering the D2-dependent modulation of PFC neuro-
transmission (Figures 7A and 7B) (Bamford et al., 2004;
O’Donnell and Grace, 1994). On the other hand, PFC
tetanic stimulation induces LTP at PFChomo inputs, and
this form of plasticity is disrupted by D2 receptor stimu-
lation. Although the precise mechanism for this interac-
tion remains to be established, since D2 receptors are
stimulated by basal, tonic DA release due to their high
affinity for DA (Grace, 1991; Hall et al., 1985), a suppres-
sion of DA release would decrease D2 receptor stimula-
tion, which would in turn decrease D2-mediated attenu-
ation of glutamate release from PFC terminals via a
presynaptic action (Bamford et al., 2004; O’Donnell and
Grace, 1994). This increased glutamate release may
then facilitate LTP induction (Figures 7C and 7D). In-
deed, our study suggests that PFC activity is crucial for
induction of LTP and LTD on PFC afferents into the
NAcc. Thus, when activity in some cortical neurons is
weak, then DA would not be expected to alter plasticity
on such afferents. This is consistent with a recent find-
ing that weaker cortical inputs are less influenced by
D2-dependent dopamine stimulation (Bamford et al.,
2004).
Repeated cocaine treatment induced an alteration in
synaptic plasticity in the NAcc shell. There are several
potential mechanisms that may account for this alter-
ation. For example, these results are consistent withFigure 7. A Proposed Mechanism for DA Modulation of Synaptic
Plasticity at HPC and PFC Inputs in the NAcc
(A and B) When HPC activity is stronger than PFC activity, the di-
rection of information flow is from the HPC/PFC. In this condition,
NAcc activity is enhanced with coincident HPC and PFC inputs into
this region, which would produce an overall increase in DA release
into the NAcc via suppression of VP inhibitory action on DA neu-
rons (Floresco et al., 2003). In the presence of increased phasic DA
release, D1 receptor stimulation enhances NMDA-mediated Ca2+
influx into NAcc neurons to induce LTP at HPC inputs (Greengard
et al., 1999). The D2-dependent induction of LTD at PFC inputs
could occur via several mechanisms, including second messenger
systems or possibly production of NO (Stanton et al., 2003) through
NMDA receptor activation.
(C and D) On the other hand, when PFC activity is stronger than
HPC activity, the direction of information flow is from the
PFC/HPC. In this condition, NAcc activity is suppressed (Goto
and O’Donnell, 2002), which in turn disinhibits the VP and de-
creases tonic DA release in the NAcc. In instances where there is a
reduction of tonic DA release, the resultant decrease in D2 receptor
stimulation would enhance PFC afferent stimulation of the NAcc;
this may facilitate LTP induction at PFC inputs.the hypothesis that repeated cocaine may have in-
duced a pre-existing LTP at HPC inputs, possibly by
increasing the number of synaptic inputs from limbic
structures (Robinson and Kolb, 1999) or via a disruption
of the cellular mechanisms responsible for the induc-
tion of synaptic plasticity in NAcc neurons, such as
D1-NMDA interactions and activation of second-mes-
senger cascades (Greengard et al., 1999) that could
regulate AMPA receptor trafficking (Mangiavacchi and
Wolf, 2004). Alternately, the LTD at cortical inputs may
involve a decreased glutamate release from PFC ter-
minals that was not further modulated by HPC tetanic
stimulation, although no change has been reported in
paired-pulse ratio at the cortico-NAcc pathway with
LTD in cocaine-sensitized animals, suggesting possible
involvement of postsynaptic mechanism (Thomas et al.,
2001). Whether the alteration is due to presynaptic or
postsynaptic mechanisms, or a combination of both,
remains to be determined.
The results suggest that when the primary drive origi-
nates in limbic structures (limbic/PFC information
flow), the subsequent information processing in the
Neuron
264mNAcc shifts in favor of limbic structures due to the in-
tduction of LTP at limbic inputs and LTD at PFC inputs
that is dependent on increased D1/D2 receptor activa-
S
tion. On the other hand, when the PFC is more highly w
activated (PFC/limbic information flow), information r
cprocessing in the NAcc is shifted toward a PFC pre-
sdominance due to induction of LTD at limbic inputs and
1LTP at PFC inputs; this shift is driven by a reduction in
aD1/D2 receptor stimulation. Thus, we propose that
d
when D1 and D2 receptors are coactivated by in- f
creases in phasic and tonic DA release, respectively s
(Goto and Grace, 2005), there is a shift toward limbic
Hpredominance, with decreases in tonic and phasic DA
ttransmission shifting synaptic plasticity and informa-
etion processing in favor of the PFC. Therefore, the re-
a
cent history of input activation and the current states L
of the DA system potently determine which set of in- s
puts will control subsequent information flow. This
model is supported by the results of our behavioral ex- D
Lperiments. We have recently shown that, using the
rsame spatial maze test paradigm, learning and set
tshifting are mediated by D1-dependent limbic-NAcc
s
and D2-dependent PFC-NAcc information processing,
respectively (Goto and Grace, 2005). We propose that D
the synaptic plasticity induced at HPC and PFC inputs D
minto the NAcc shown in this study may mediate these
Ddifferent aspects of goal-directed behavior. Therefore,
pLTP at HPC inputs and LTD at PFC inputs, combined
ewith reward-related DA release (Schultz, 1998), may be
v
important for learning a response strategy. In contrast, a
LTP at PFC inputs and LTD at HPC inputs could reverse c
this learning to shift to a different response strategy, as
cmay occur with the transient suppression of DA release
tsecondary to the omission of an expected reward
p(Schultz, 1998). Cocaine-sensitized rats exhibited a sig-
s
nificantly larger number of perseverative errors at task A
switching. PFC damage is known to lead to persevera- c
tive errors (Milner, 1963). Thus, in the cocaine-sensi-
tized rats, PFC influence may be disrupted via an insuf- C
Rficient PFC-driven suppression of NAcc activity (Goto
sand O’Donnell, 2002) secondary to abnormal induction
lof LTD at PFC inputs. On the other hand, cocaine-sen-
m
sitized rats exhibited faster learning of a response o
strategy. This may also reflect perseveration, in that m
Fonce the drug-sensitized animals acquire a response
cstrategy, they may perseverate on this response with-
wout testing other possible strategies, as evidenced by
fthe smaller number of trials taken in VCT and de-
creased regressive errors in RDT in cocaine-sensitized C
rats. Thus, although abnormally induced LTP by psycho- S
stimulants at limbic inputs might not interfere with w
tlearning a response strategy, it may reduce the capac-
tity of these animals to consider alternate response stra-
ptegies. In this way, the disruption of synaptic plasticity
Rby cocaine sensitization may contribute to the affect-
ive- and context-inappropriate impulsive behaviors that l
are characteristics of drug addiction (Ciccocioppo et i
tal., 2001; Jentsch and Taylor, 1999; Vorel et al., 2001).
w
pExperimental Procedures
rRecording
All experiments were conducted in accordance with the National w
rInstitutes of Health Guide for the Care and Use of Laboratory Ani-als and were approved by the University of Pittsburgh Institu-
ional Animal Care and Use Committee.
In vivo field potential recordings were done in adult male
prague-Dawley rats (265–440 g, n = 87). Rats were anesthetized
ith chloral hydrate (400 mg/kg) and placed in a stereotaxic appa-
atus. Extracellular field potential electrodes pulled from glass mi-
ropipettes and filled with 2 M NaCl were lowered into the lateral
hell or medial core regions of the NAcc at a 10° angle (Figure
B). Field potential signals were amplified 1000 times with an AC
mplifier and band-pass filtered at 0.1–100 Hz. Recordings were
igitized with an interface board at 10 kHz and fed to a computer
or offline analysis. All data handling was performed using custom
oftware (Neuroscope).
Concentric bipolar stimulation electrodes were placed in the
PC (ventral CA1/subiculum) and PFC (prelimbic/infralimbic cor-
ex). Single current pulses (0.2 ms; 0.2–1.0 mA) were delivered ev-
ry 30 s alternately to the HPC and PFC. Current intensity was
djusted to evoke approximately 60%–70% of maximal responses.
TP and LTD were induced with high-frequency stimulation con-
isting of a train of 100 pulses at 50 Hz (1.0 mA).
ata Analysis
TP and LTD were defined as a statistically significant (p < 0.05,
epeated measures ANOVA) increase or decrease in the field poten-
ial amplitude that was maintained for at least 30 min after tetanic
timulation.
rug Administration
A agonists and antagonists were administered via reverse
icrodialysis at a concentration found to be selective for D1 and
2 receptor activation and blockade (West and Grace, 2002). The
robes were located within 500 m of the tip of the recording
lectrodes. Dialysis probes (2 mm exposed membrane) were ad-
anced into the NAcc slowly at the rate of 3–5 m/s to minimize
ny damage to the brain tissues. All drugs were dissolved in artifi-
ial cerebrospinal fluid (aCSF; SKF38393, 10 M; SCH23390, 10
M; quinpirole, 10 M; eticlopride, 20 M; AP-V, 50 M). aCSF was
ontinuously perfused throughout the experiments and switched
o drug administration 20 min before recordings were started. Drug
erfusions were continued until the termination of the recording
ession. DA depletion was done by intraperitonial injection of
MPT (300 mg/kg, 4 hr before plus 200 mg/kg 2 hr before re-
ording).
ocaine Sensitization
ats received either daily saline (1.0 ml) or cocaine (15 mg/kg, dis-
olved in 1.0 ml saline) injection intraperitoneally. Immediately fol-
owing injection, horizontal locomotor activity was measured for 20
in in an open-field chamber. The cocaine group received 2 days
f saline injection followed by 6 days of one-per-day cocaine treat-
ent, and the saline group received 8 days of saline injections.
ollowing 10–18 days of withdrawal from cocaine, both groups re-
eived a challenge cocaine injection (15 mg/kg), and locomotion
as assessed. Recordings were conducted between 1 to 5 days
ollowing the challenge test.
ross-Maze Tests
trategy learning and response switching in goal-directed behavior
ere tested in rats that had been sensitized to cocaine and those
hat had received saline. This task employed a visual cue-directed
ask (VCT) and a response direction task (RDT) using a cross-maze
aradigm as described in other studies (Goto and Grace, 2005;
agozzino et al., 2002).
After animals completed locomotor measurements with chal-
enge injection of cocaine, the rats were subjected to 3 days of
ntensive handling (10 min each day) and another 3 days of habitua-
ions to the maze. During handling and maze habituation, animals
ere food-restrained to maintain about 85% of body weight com-
ared to the normal condition.
VCT was the first task tested in these rats, in which they were
equired to make a right or left turn toward the arm of the maze
here the visual cue was placed to obtain rewards (a piece of ce-
eal). After performance criterion was reached (ten consecutive
Dopamine-Dependent Plasticity in the Accumbens
265correct responses in one session; one session consisted of 12 tri-
als; two sessions were given per day), the task was switched to
RDT in which animals always had to make a left or right turn, re-
gardless of the visual cue placed in the arms of the maze to obtain
rewards, and sessions were continued until performance criterion
was reached. Perseverative errors, which are the errors associated
with switching to new strategy, were defined as the number of error
trials until animals made the first correct turn in the trial in which
the visual cue was placed in the arm opposite to the direction of
the turn. Regressive errors, which are the errors associated with
learning a new strategy, were defined as the number of error trials
that animals made toward the visual cue in the maze, but after a
first correct trial in RDT.
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